26 Repetitive transcranial magnetic stimulation (rTMS) of human motor cortex can 27 produce long-lasting changes in the excitability of excitatory and inhibitory 28 neuronal networks. The effects of rTMS depend critically on stimulus 29 frequency. The aim of present study was to compare the effects of different 30 rTMS protocols. We compared the after-effects of six different rTMS protocols 31 [paired associative stimulation at interstimulus intervals of 25 ms (PAS 25 ), and 32 10 ms (PAS 10 ); theta-burst stimulation delivered as continuous (cTBS) or 33 intermittent (iTBS) delivery pattern; 1Hz and 5Hz rTMS] on the excitability of 34 stimulated and contralateral motor cortex in 10 healthy subjects. A pronounced 35 increase of cortical excitability, evaluated by measuring the amplitude of motor 36 evoked potentials, was produced by iTBS (+56%) and PAS 25 (+45%). Five Hz 37 rTMS did not produce a significant increase of MEPs. A pronounced decrease of 38 cortical excitability was produced by PAS 10 (-31%), cTBS (-29%), and 1 Hz 39 rTMS (-20%). Short interval intracortical inhibition was suppressed by PAS 10 . 40 Cortical silent period duration was increased by 1 Hz stimulation. No significant 41 effect was observed in the contralateral hemisphere. Head-to-head comparison 42 of the different protocols enabled us to identify the most effective paradigms for 43 modulating the excitatory and inhibitory circuits activated by TMS.
Abstract 26 Repetitive transcranial magnetic stimulation (rTMS) of human motor cortex can 27 produce long-lasting changes in the excitability of excitatory and inhibitory 28 neuronal networks. The effects of rTMS depend critically on stimulus 29 frequency. The aim of present study was to compare the effects of different 30 rTMS protocols. We compared the after-effects of six different rTMS protocols 31 [paired associative stimulation at interstimulus intervals of 25 ms (PAS 25 ), and 32 10 ms (PAS 10 ); theta-burst stimulation delivered as continuous (cTBS) or 33 intermittent (iTBS) delivery pattern; 1Hz and 5Hz rTMS] on the excitability of 34 stimulated and contralateral motor cortex in 10 healthy subjects. A pronounced 35 increase of cortical excitability, evaluated by measuring the amplitude of motor 36 evoked potentials, was produced by iTBS (+56%) and PAS 25 (+45%). Five Hz 37 rTMS did not produce a significant increase of MEPs. A pronounced decrease of 38 cortical excitability was produced by PAS 10 (-31%), cTBS (-29%), and 1 Hz 39 rTMS (-20%). Short interval intracortical inhibition was suppressed by PAS 10 . 40 Cortical silent period duration was increased by 1 Hz stimulation. No significant 41 effect was observed in the contralateral hemisphere. Head-to-head comparison Introduction 48 Transcranial magnetic stimulation (TMS) techniques can activate non- 49 invasively the human brain evoking artificial activity in cortical neuronal 50 networks (Hallett 2007) . Technical advances have offered the possibility of 51 delivering repetitive TMS (rTMS) and it has been observed that rTMS may 52 induce changes in brain excitability that outlast the stimulation period. The after-53 effects of rTMS might relate to activity-dependent changes in the effectiveness 54 of synaptic connections between cortical neurons reflecting plasticity 55 mechanisms of the brain (see (Fitzgerald et al. 2006) , (Ziemann U et al. 2008 ) 56 and (Hoogendam et al. 2010 ) for a review). Low frequency rTMS (stimulus 57 rates of 1 Hz or less) produces a lasting decrease in motor cortex excitability 58 (Chen et al. 1997) while high frequency rTMS (stimulus rates of 5 Hz or higher) 59 (Berardelli et al. 1998; Maeda et al. 2000; Peinemann et al. 2000 ). PAS is based on the Hebbian concept of spike-timing-dependent 66 plasticity: two inputs, the first arising from electrical peripheral nerve 67 stimulation and the second delivered over the motor cortex using TMS, are 68 paired to activate brain networks at approximately the same time. If the TMS 69 pulse is applied at an interstimulus interval slightly longer (PAS 25 ) or slightly 70 shorter (PAS 10 ) than the time needed for the afferent inputs, generated by 71 peripheral nerve stimulation, to reach the cerebral cortex and if a sufficient pairs 72 of stimuli is delivered, the excitability of the sensory-motor cortex increases or 73 decreases respectively. The second protocol is named theta burst stimulation The majority of previous studies investigated the effects of rTMS on 83 cortical excitatory circuits by measuring the amplitude of motor evoked 84 potentials (MEPs) elicited by single pulse TMS, before and after rTMS; only a 85 few studies evaluated the effects of rTMS on cortical inhibitory circuits 86 (Daskalakis et al. 2006; Fitzgerald et al. 2006) . The modulatory effects of rTMS 87 are not limited to the cortical area targeted by rTMS but may also occur at 88 distant interconnected sites in the brain and in particular in the contralateral, non 89 stimulated, motor cortex (Di Lazzaro et al. 2008; Gilio et al. 2003; Schambra et 90 al. 2003; Suppa et al. 2008; Wassermann et al. 1998) . Only a limited number of 91 studies investigated this aspect. Moreover, because almost all of the studies 92 employed a single rTMS protocol and there is a high inter individual variability 93 of the after effects of rTMS (Maeda et al. 2000) , at least in part related to genetic 94 features (Cheeran et al. 2009 ), it is difficult to compare the results reported for 95 different paradigms and it is still unclear which are the most effective protocols 96 in modulating specific cerebral cortex circuits. In only one study, the effects of 97 TBS on threshold and amplitude of MEPs were compared with those produced 98 by 1 Hz and 5 Hz rTMS (Zafar et al. 2008) . 99 The aim of this study was to compare in a group of healthy subjects the 100 effects of different protocols of rTMS on the excitability of the excitatory and 101 inhibitory circuits of the stimulated and contralateral motor cortex. rectified averaged pre-stimulus EMG signal (that is 500 data points) were 149 analysed to calculate the mean EMG level and the mean consecutive difference 150 of the data points. Ipsilateral SP onset was the first point to fall below the lower 151 variation limit if 50% or more of the data points in the following 5 ms window 152 were also below the lower variation limit. Ipsilateral SP offset was the first point 153 to fall above the lower variation limit if 50% or more of the data points in the 154 following 5 ms window were also above the lower variation limit. In order to 155 automate the procedure, we used a self-made function for the Matlab software intensity of the test stimulus was adjusted to elicit an unconditioned test MEP in 171 the relaxed FDI of approximately 1 mV in peak-to-peak amplitude. Subjects 172 were provided with audio-visual feedback of the EMG at high gain (50 µV/D) to 173 assist in maintaining complete relaxation, since already slight activation of the 174 target muscle may result in significant SICI reduction (Ridding et al. 1995) . 175 The amplitude of the conditioned MEP was expressed as a percentage of the 176 amplitude of the unconditioned test MEP. 177 Intracortical facilitation 178 We also evaluated ICF by analysing the facilitatory interaction that occurs 179 between pairs of magnetic stimuli given over the motor cortex at 15 ms The Kruskall-Wallis test showed no differences between baseline parameters. 302 Motor threshold (RMT and AMT) 303 The rmANOVA with rTMS protocol (6 levels: 1 Hz, 5 Hz, cTBS, iTBS, PAS25, 304 PAS10), hemisphere (stimulated and not stimulated) and time as within-subject 305 factors showed a significant interaction between time, protocol and hemisphere 306 (F 10,90 =2.99, P=0.03) for RMT. No significant results or interactions were 307 observed for AMT. Post-hoc analysis showed a significant increase in RMT 308 between time 0 and time 1 for PAS10 (p=0.041) and a significant decrease 309 between the same two time points for PAS25 (p=0.047) for the stimulated 
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392
Several previously reported after-effects of rTMS were not consistently 393 observed in present study: 1) the increase in MEP amplitude after 5 Hz rTMS 394 (Berardelli et al. 1998; Quartarone et al. 2005) ; 2) the decrease in the amplitude 
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The head-to-head comparison of the effects produced by different 433 paradigms on specific cortical circuits, could provide valuable information for 434 the development of therapeutical strategies based on neuromodulation in 435 neuropsychiatric disorders characterized by abnormal excitability of cortical 436 circuits that can be targeted and modulated by rTMS. 437 A main limitation of present study is that we studied only the more commonly 438 used protocols of stimulation but there are many other protocols such as paired 439 pulse rTMS (Thickbroom et al. 2006 ) and quadripulse rTMS (Hamada et al. 440 2008) that were not analysed. Moreover, it should be considered that although 441 we attempted to test the effects of the more commonly used protocols, the 442 parameters of these protocols used in different studies are quite variable in that 443 several studies have suggested that higher intensities and longer duration of 444 stimulation will produce stronger effects, also higher frequencies of rTMS such T0  T1  T2  T0  T1  T2  T0  T1  T2  T0  T1  T2  T0  T1  T2   T0  T1  T2 RMT T0  T1  T2  T0  T1  T2  T0  T1  T2  T0  T1  T2  T0  T1  T2   T0  T1  T2 RMT 
